The 29 reactions linking carbon monosulfide (CS) to methyl mercaptan (CH 3 SH) via ten intermediate radicals and molecules have been characterized with relevance to surface chemistry in cold interstellar ices. More intermediate species than previously considered are found likely to be present in these ices, such as trans-and cis-HCSH. Both activation and reaction energies have been calculated, along with low-temperature (T > 45 K) rate constants for the radical-neutral reactions. For barrierless radical-radical reactions on the other hand, branching ratios have been determined. The combination of these two sets of information provides, for the first time, quantitative information on the full H + CS reaction network. Early on in this network, that is, early on in the lifetime of an interstellar cloud, HCS is the main radical, while later on this becomes first CH 2 SH and finally CH 3 S.
Introduction
In recent decades roughly 18 interstellar sulfurous compounds have been detected in the gas phase, such as carbon monosulfide (CS), thioformaldehyde (H 2 CS), and methyl mercaptan (also known as methanethiol, CH 3 SH) along with several of their isotopes (Penzias et al. 1971; Sinclair et al. 1973; Liszt et al. 1974; Linke et al. 1979; Marcelino et al. 2005; Müller et al. 2016 ). All of these species have in fact been detected in interstellar regions related to star formation, such as the Orion A and Barnard 1 molecular clouds and hot molecular cores. Recently, exploiting the unprecedented sensitivity of ALMA within the PILS survey, Drozdovskaya et al. (2018) showed that several of these S-bearing molecules in the outer disc-like structure of the protostar IRAS 16293-2422 B have been detected, and, moreover, they explored the chemical link with our solar system probed by the Rosetta mission on comet 67P/Churyumov-Gerasimenko (Calmonte et al. 2016) .
Additionally, CH 3 SH has recently been proposed and modelled to be formed in the solid state via subsequent hydrogenation of CS (Majumdar et al. 2016; Müller et al. 2016; Vidal et al. 2017) . The proposed surface formation stems from the assumed analogy between the H + CS and the H + CO reaction networks. Indeed methanol, CH 3 OH, can be efficiently formed via surface hydrogenation reactions of CO (Hiraoka et al. 1998; Watanabe & Kouchi 2002; Fuchs et al. 2009 ) and this pathway turns out to be important to reproduce interstellar methanol abundances (Boogert et al. 2015; Walsh et al. 2016; An et al. 2017) . In fact, the first CS-containing molecule to be detected in the solid state in dense molecular clouds was OCS by Palumbo et al. (1997) . They suggested this molecule to be present in a methanol-rich layer along with both H 2 CS and CH 3 SH. Within the reaction network starting from CS and leading up to the fully hydrogenated CH 3 SH, not only are stable neutral species formed, but radicals such as HCS and CH 2 SH can be created as well. These are subsequently available to react with other species in the ice, either by close proximity (Fedoseev et al. 2015) or when heavier radicals become mobile at slightly elevated ice temperatures (Garrod & Herbst 2006; Vasyunin & Herbst 2013) . In this way, they may be incorporated into larger species, including those of astrobiological importance. It is known that two of the 21 aminoacids crucial for life contain -CH 2 SH (Cysteine) and -SCH 3 (Methionine) groups. The investigation of methyl mercaptan chemistry and the formation of intermediate reactive radicals thus directly provides a link to astrobiological studies.
Experimentally, there is a lack of laboratory data for surface reactions of H n CS-bearing species due to their chemical instability. The current research therefore provides a detailed theoretical investigation of the reaction network involving ten CS-bearing species and 29 reactions with atomic hydrogen, explicitly taking quantum tunnelling into account. This work builds on various computational approaches previously reported in the literature where a part of the reaction network has been considered (Kobayashi et al. 2011; Kerr et al. 2015; Vidal et al. 2017) . To the best of our knowledge there are currently no low-temperature experimental data, calculated or measured unimolecular rate constants, or branching ratios available for any of the reactions mentioned below. Therefore, in this letter, for the first time, a full set of reactions within the hydrogen addition network is quantified, starting from carbon monosulfide and explicitly taking tunnelling into account, providing the astrochemical community with parameters that can be included in large-scale mean field models.
Methodology
Various levels of theory have been used in order to optimise the ratio between the computational cost and chemical accuracy. A&A proofs: manuscript no. Restructured functional theory (DFT). Chemical accuracy for all calculated activation and reaction energies, as well as the rate constants is ensured by benchmarking the MPWB1K/def2-TZVP functional to a 'higher' level of theory, namely CCSD(T)-F12/VTZ-F12. Furthermore, specifically and only for obtaining branching ratios for radical-radical reactions, the B3LYP/def2-TZVP and PBEh3c/def2-mSVP combinations have been used. These relatively cheap functionals are expected to yield reliable results in terms of geometries, for example, to see which reactions take place. The computational details for both radical-neutral and radicalradical reactions are extensively discussed in Appendix A.
Surface model
Reaction energetics, rate constants, and approximate branching ratios connecting the 12 species via 29 reactions are calculated with the use of density functional theory (DFT). Although surface reactions of H n CS species with hydrogen atoms on interstellar ices are of interest here, for the current study, a model was employed where the surface molecules are not explicitly taken into account.
It was previously shown that the activation energy and rate constants are influenced by an environment of water ice molecules for the reaction H + H 2 O 2 (Lamberts et al. 2016; . However, this is specifically a reaction with a flexible molecule that can form hydogen bonds. Indeed, this result cannot be generalized to be applicable to all species since we have also found that reactions with small molecules that are either less flexible or less capable of forming strong H-bonds may be much less affected by surrounding water molecules (Meisner et al. 2017; Lamberts & Käst-ner 2017) . In fact, for the methyl mercaptan molecule, the hydrogen bond strength is much less than for the O-substituted methanol (Kosztolányi et al. 2003) . Also Du & Zhang (2017) showed specifically that the activation energy of the abstraction reaction CH 3 SH + H − −− → CH 3 S + H 2 is barely affected with 0.1 kJ/mol by the presence of a water molecule. Furthermore, Rimola et al. (2014) have studied the influence of water ice on the reaction pathway starting from CO and leading to CH 3 OH for a variety of binding modes on water clusters. They demonstrated that the activation energy of the key reactions is usually changed by ∼1 kJ/mol and in one case by 3.5 kJ/mol.
As an additional check for the system at hand, we have calculated the activation energy, E act. , of the first reaction of the reaction network, that is, H+CS − −− → HCS, on two different water clusters of seven molecules. Both of the activation energies differ by less than 1 kJ/mol from the value in a pure gas-phase calculation; see Table 1 and D.1. Gas-phase calculations of radical-neutral reactions thus appear to be accurate enough to represent the very same reactions on an ice surface. This even holds for ices composed of water molecules as typical changes of the activation energy are roughly only 1-2 kJ/mol. Even though carbon monoxide constitutes a large molecular fraction, the expected weak interaction between CO and any of the species relevant here should not affect the reaction energetics considerably, as has also been seen for the reaction route H + CO (Rimola et al. 2014) .
For barrierless reactions, on the other hand, a possible surface effect on the reaction progress is related to the orientation of molecules at the ice surface. Although the hydrogen bond of a S-H functional group is weaker than for O-H (Biswal et al. 2009 ), there may still be an effect on the preferred binding mode of an H n CS molecule. Sampling a variety of binding sites and subsequently determining branching ratios per binding site is, however, beyond the scope of this work. Nonetheless, the branching ratios (BR) calculated here are the first to be reported in the literature and serve to show the major and minor product channels. They should therefore be regarded as a zero-order approximation to the 'true' values on the surface.
Results and Discussion

Reaction network
In Fig. 1 , the reaction network for hydrogen addition and abstraction reactions is depicted. The species shown on the lefthand side are the most stable and the relative energy increases towards the right-hand side. Isomerization reactions connecting species in the same row have been omitted for clarity. All activation energies that we found for these reactions exceed values of 100 kJ/mol (see also Kobayashi et al. (2011) ). Unless actively catalysed by surface molecules (Tachikawa & Kawabata 2016) , these can be currently regarded as highly unlikely to occur at low temperatures in interstellar ices.
All corresponding activation and reaction energies are reported in Tables 2 and 3 . These have been calculated with respect to the separated reactants, although for the activation energies, values with respect to the PRC are also reported. The latter correspond directly to the calculated rate constants. An overview of the energy profile diagram is depicted in Fig. C .1 in Appendix C.
For the reactions that occur via a barrier, unimolecular instanton rate constants have been calculated at temperatures lower than the respective crossover temperatures, T c , down to T. Lamberts: From interstellar carbon monosulfide to methyl mercaptan: paths of least resistance Table 2 . Vibrationally adiabatic activation energy (E act. ) and reaction energy (E react. ) with respect to the separated reactants, calculated crossover temperature (T c ), the calculated instanton rate constant extrapolated to low temperature (k low-T ) and rectangular barrier rate constant (k rect. barr. ) for the radical-neutral reactions. The activation energies in parentheses are calculated with respect to the PRC and thus correspond to the unimolecular rate constants. Table 3 . Vibrationally adiabatic reaction energy (E react. ) with respect to the separated reactants and corresponding branching ratio (BR) for the radical-radical reactions.
Reaction E react. f 100 a calculated with MPWB1K/def2-TZVP b calculated both with B3LYP/def2-TZVP and PBEh-3c/mSVP. c as obtained from the KIDA database d 20% did not lead to a reaction e 25% did not lead to a reaction f 5-25% did not lead to a reaction 45 K with canonical instanton theory. The crossover temperature is defined as ω b /2πk B , where ω b is the absolute value of the imaginary frequency at the transition state, Planck's constant divided by 2π, and k B Boltzmann's constant; it indicates the temperature below which tunneling dominates the reaction mechanism. Furthermore, in Table 2 , the recommended low-temperature values for the rate constant are reported. This choice is explained in Appendix E along with the temperaturedependent values for the rate constant. For both addition and abstraction reactions, within each category, the height of the barrier is directly related to the rate constant. We note that very low barriers result in k low-T approaching 10 12 s −1 , while high barriers lead to values around 10 2 s −1 . In general, many of the rate constants are high (> 10 6 s −1 ), which means that they are faster than or competitive with hydrogen atom diffusion; Senevirathne et al. (2017) ; Ásgeirsson et al. (2017) . Finally, breaking the C-S bond at low temperature via the reaction H + CH 3 SH − −− → H 2 S + CH 3 is six orders of magnitude slower than CH 3 S formation as a result of the much lower efficiency of heavy-atom A&A proofs: manuscript no. Restructured tunneling. This holds even though the activation energy is similar to H + trans HCSH − −− → H 2 + HSC.
For the radical-radical reactions, branching ratios have been determined in the gas phase. The general trends are summarised in Table 3 . We note that only for H + CH 2 SH did results differ between the two functionals. Although the distance between the H atom and the C-S bond is relatively small, a number of optimisation attempts resulted in the formation of a dimer structure, where no reaction had taken place. This can be clarified with the help of spin densities, that is, a surplus of alpha over beta spin orbitals, calculated for all four radicals and depicted in Fig. 2 . For HCS, there is spin density present around all atoms and therefore four product channels are available. For the radical CH 3 S, the opposite situation can be found, where the majority of spin density is located on the sulphur atom and consequently most optimisations result in the formation of CH 3 SH. For runs where the H-atom is placed close to the methyl group, a non-reactive dimer is formed.
Astrochemical implications
Combining the insight obtained from both the rate constant and branching ratio calculations, it becomes clear that some species will be present at higher concentrations and for a longer time in ices. Specifically, the radical HCS is not only primarily formed through the reaction H + CS, but is also the main product of H-abstraction reactions from both trans-and cis-HCSH. As a result of this prolonged presence in the ice, the radical is also available for other reactions, possibly being incorporated into larger species via carbon-carbon bonds. Going one step further in the reaction network, H additions to H 2 CS and trans-and cis-HCSH are likely to result in a significant amount of CH 2 SH. The reaction H + H 2 CS − −− → CH 2 SH is more likely to take place than the competing H + H 2 CS − −− → CH 3 S. The radical CH 3 S on the other hand is the main product of the reaction between H and CH 3 SH. Finally, once either CH 3 S or CH 2 SH has been formed, it is quite unlikely for H-abstraction reactions to be able to reduce the number of hydrogen atoms attached to the C-S centre to less than three.
Within the framework of reaction kinetics and the implementation thereof in astrochemical models, first it should be pointed out that the values for the rate constants presented here are valid in the low-temperature regime. The KIDA database (Wakelam et al. 2012 ) and in particular Vidal et al. (2017) provide barrier heights (activation energies) and branching ratios, also listed in Tables 2 and 3 . These values were estimated from calculations performed at the M06-2X/cc-pVTZ level of theory with a few additional calculations at the MP2/cc-pVTZ level of theory. Here, we make use of MPWB1K/def2-TZVP, which was explicitly benchmarked against two high-level theories, namely both CCSD(T)-F12/cc-VTZ-F12 and MRCI(+Q)-F12/VTZ-F12 single-point energies. Moreover, the values provided here are in good agreement with previous work by Kobayashi et al. (2011); Kerr et al. (2015) . Furthermore, the branching ratios given by KIDA were determined solely by the most exothermic reaction channel. Here, on the other hand, the orientation of the incoming hydrogen atom with respect to the CS backbone is also taken into account. Therefore, the values presented here are thought to be of a higher accuracy than those currently implemented in models. In particular, the first reactions of the reaction network, H + CS and H+H 2 CS, will proceed much faster than currently taken into account by, for example, Vidal et al. (2017) , whereas abstraction from CH 3 SH will be slower. This may lead to a higher amount of methanethiol being built up.
In Table 2 , two types of calculated rate constants are also listed: using instanton theory and the rectangular barrier approximation. The latter is commonly used in astrochemical models, based on early approaches by Tielens & Hagen (1982) and Hasegawa & Herbst (1993) . Obviously the rectangular barrier approximation is a significant improvement on the use of classically calculated rate constants with (harmonic) transition state theory. However, the order of magnitude may still differ with respect to values calculated by more accurate methods, here resulting in values that are lower by up to a factor of ∼250. This does not only affect the rate of the reactions in the models, and therefore the build-up of species in the ice mantles, but it also relates to the competition of reactions with diffusion of hydrogen atoms. Rate constants for hydrogen diffusion have been shown to span a large range of values, with the exact value depending on the specific binding site Senevirathne et al. (2017) ; Ásgeirsson et al. (2017) . Therefore, it is advisable to directly use the values for the rate constants calculated by means of instanton theory at low temperature, instead of rate constants calculated with the rectangular barrier approximation, regardless of the quality of the activation energy used within that expression.
Although the upcoming James Webb Space Telescope provides an increased peak-to-noise ratio, observations of CScontaining molecules in the solid phase may only be fully possible if extensive spectral data become available for different mixing ratios. These data will be difficult to obtain experimentally as a result of the hazardous characteristics of the molecules investigated here. The use of calculated spectra, based, for example, on density functional theory, may in fact be of great assistance.
Conclusion
In summary, a total of 29 reactions have been calculated within the reaction network starting from the hydrogenation of carbon monosulfide leading to the formation of methyl mercaptan. Extending on previous work, we have found that not only can HCS, H 2 CS, CH 2 SH, CH 3 S, and CH 3 SH be formed, but additionally HSC, t-HCSH, and c-HCSH appear naturally, as well as H 2 S, CH 3 , and CH 2 SH 2 to a lesser extent. For all 12 reactions with a barrier, rate constants have been calculated and the values at 45 K can be used in astrochemical models as an extrapolation for even lower temperatures. For the radical-radical reactions, preliminary branching ratios are provided as well, indicating the most likely product channels. In fact, not all reactions that one would a priori imagine to take place are actually possible due to the distribution of spin density.
Early-on in the reaction network, HCS is expected to be the main radical, whereas CH 2 SH dominates at later stages. Eventually, H-abstraction from CH 3 SH can also take place, which results preferentially in CH 3 S. Furthermore, it is important to note though that not only H 2 CS but also trans-and cis-HCSH can easily be formed. Finally, once three hydrogen atoms have been added to the original CS molecule, it is unlikely for Habstraction to regenerate H n CS species with n ≤ 2.
The data presented here need to be included in a full gasgrain astrochemical model in order to appreciate the subtle differences that may occur through the competition with diffusion and/or other reactions. The effect of surface molecules on the activation energies of the radical-neutral reactions studied is argued to be expected to be well within the chemical accuracy. However, the orientation of the molecules and radicals on the surface may inhibit and/or promote specific reactions to take place. How exothermicity, amorphicity, and ice composition influence the binding modes and possible reactions or branching Article number, page 4 of 11 T. Lamberts: From interstellar carbon monosulfide to methyl mercaptan: paths of least resistance ratios is not known. Future (theoretical) studies on these topics are paramount. Table 2 of the main manuscript. For clarity, the following abbreviations are used:
In order to obtain an accurate rate constant, a correct description of the barrier region is important. Therefore, the discussion here will focus on calculations of the activation energy excluding zero-point energy corrections, V act. . Values presented for the reaction energy, V react. , are given for completion only.
Although in general the DFT and CC values are in good agreement, with a maximal deviation of 2.3 kJ/mol, several T1 and D1 diagnostics are close to or surpass the typical thresholds, signalling the importance of taking multi-reference effects into account. Therefore, additional MRCI single point energies have been calculated. For the abstraction reactions from methyl mercaptan, even single point energies are too computationally expensive to calculate and T1 and D1 values are below the threshold in both cases. Generally, the MRCI values tend to correspond closely to those calculated with DFT and CC theory, with a maximum deviation of 4.2 kJ/mol. Furthermore, the contributions to the wave function of the various Slater determinants show that in all cases the main contribution consists of a Slater determinant with coefficient 0.911 − 0.954, showing that the multi-reference character is small. For comparison, the coefficient for the main contribution to the wave function for formaldehyde (H 2 CO) is 0.943 when calculated at the MRCI(+Q)-F12/VTZ-F12 level. Values for the unimolecular rate constants are given in Table E .1. The low-temperature values for the rate constant mentioned in Table 1 of the main manuscript are taken to be those at 45 K. This can be rationalized using Fig. E .1. All but reactions R10 and R14 have roughly reached their asymptotic values, that is, the difference between the rate constant at 55 and 45 K being less than a factor 1.5. We note that the temperature dependence for the rate constant of reaction R14 behaves differently from the other reactions because a C-S bond breaking is involved there. As heavyatom tunnelling is not efficient, the rate constant is consequently much lower than one might expect if only considering the activation energy.
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